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I. INTRODUCTION
For the fabrication of ceramic nuclear fuel, the simple concept of vibratory compaction of ceramic nuclear material into a fuel tube has received considerable attention in the past several years. This concept offers several attractive features of economical advantage such as high process yield, reclaimability of fuel and cladding from rejected fuel elements, and fabricability of complicated geometry and thin sheath rod without damage to the sheath. Furthermore, its amenability to remote fabrication promises to be advantageous for application to plutonium and thorium fuel cycles.
The work to date has been primarily concentrated on obtaining high fuel density with fused UO2 as raw material. Fused UO2 in large particles have a high density, and is fairly well adapted to vibratory compaction. As vibration energy source, both electrodynamic shaker and pneumatic vibrator have been used in many laboratories(1)~ (6) .
While, each laboratory claims it has obtained high fuel density, it is difficult to make a 59 theoretical packing studies which assume a rigid sphere, and moreover the large length to diameter ratio of the fuel cladding may affect considerably the geometry of packing arrangement.
Therefore, in order to establish this vibratory compaction technique for nuclear fuel elements, a general knowledge of factors affecting compaction density must be obtained. These factors include character of ceramic material, geometrical and physical properties of fuel cladding, vibration energy character, loading technique of material and compressive load on powder column. In practice these factors are confined to a small range of values and which are dependent on each other. Among these factors this report describes the results of preliminary experiments performed primarily on the effect of vibration energy character on the compaction density, to determine the optimum vibration conditions with the electrodynamic shaker, for a given material and cladding tube, under which the tube would accommodate the highest possible compaction density with good reproducibility.
II. EXPERIMENT
The Electrodynamic Shaker
This electrodynamic system features precise control of vibration and continuous sinusoidal impact. As shown in Fig. 1 , the shaker consists of an MB Mfg., Co. Model C-20 electrodynamic vibration exciter, driven by MB Model T-351 MC power supplier and control console. The MB Model T-351 electronic amplifier and control console generates waves over a wide band ranging from 5 to 5000 cps with automatic acceleration and displacement control. Also the built-in scanning speed control system makes its speed adjustable in 22 discrete speeds from 1 min to 100 mim to sweep from 10 to 200 cps. The MB Model C-20 vibration exciter has 1750 lb maximum force output and can be driven to 70 in/sec velocity or 100 G's* acceleration level between 2 and 3,000 cps. Table  1 Specification of Tubes and UO2 Powder Used t US. Standard Sieve is used in this report. This particle size distribution was tentatively chosen for this experiment as a good one from the results of preliminary experiments, and also because another worker (11) has claimed that more than 90% T.D. was obtained with this particle size distribution.
a suitably conditioned vibration energy to material loaded in a tube for a good particle settlement, and hence a suitable vibrator is required, which has enough thrust force to produce the necessary vibration energy for the weight of fuel rod. Vibration energy can be characterized by three parameterswave form, amplitude and frequency, from which the acceleration and hence the thrust can be obtained.
Thus, while the effect of these three factors might be studied separately, in the present experiments the effect of varying wave form was not observed because only a pure sinusoidal wave was available.
(1) Effect of acceleration In general, kinetic energy is directly related to acceleration, and vibration energy is expressed in terms of variation of acceleration, which is in turn a function of amplitude, frequency and time. The effect of acceleration, which is an over-all effect of amplitude, frequency and time, will give some information on the effect of these parameters on compaction.
For the simple sinusoidal vibration of this electrodynamic shaker the acceleration "a" is given by 4p2f2A sin 2pft (A: amplitude , t: time, f: frequency). For observation of the effect of acceleration in this simple periodic vibration, its magnitude is conveniently expressed in terms of maximum acceleration by a gravity unit G=4p2f2 A/g (g: acceleration due to gravity).
U02 blend was poured into a tube while it was vibrating at 8 G's and at a chosen fre-quency.
After pouring was completed, vibration was stopped and started again with 1.0 kg floating restraint on the powder at a fixed acceleration.
Compaction densities obtained after 5 min vibration are shown in Table 2 (a), and Fig. 2(a) . Table 2 (b) and Fig. 2(b) show results obtained in the same experiment for the special short tube for thermal conductivity measurements. This could be attributed to differences in particle shape, density and so on according to material.
Although resuts obtained with fused UO2 show some difference with the different frequencies, maximum density obtained is only about 86% T.D. at 80 G's.
(2)
Effect of frequency In the previous experiment, difference in freuency was found to cause some differences in the compaction density under the same acceleration. Therefore it is interesting to go further and observe the effect of frequency on compaction density. For this a series of experiments was performed in the following manner.
UO2 was poured into the tube in about 2 min while it was vibrated at a chosen constant frequency of 8 G's. After the tube was filled, acceleration level was increased to 60 G's, after keeping the vibration for 2 min at 20 and 40 G's respectively.
A 1 kg static "floating" load was applied to the top of the oxide powder column when acceleration was increased to 40 G's. The final acceleration at 60 G's was maintained for 5 min in one case and 20 min in another.
Results are shown in Table 3 (a), and Fig.3(a) . Table 3 (b) and Fig.  3(b) show results obtained in the experiment for the thermal conductivity specimen mentioned previously. in compaction, and that the highest density is obtained at around 300 cps. Presumably, at low frequencies the amplitudes are too high to give the particles a chance to settle in a good arrangement and in the other extreme case, amplitudes are too small. What appears to be an important phenomenon is the occurrence of a reasonance frequency at which violent vibration is caused. As indicated in Table 3 (a) and Fig. 3(a) , violent vibration was observed around 600 cps on the 40" long tube, which caused powder loss by pulse ejection from the tube, accompanied by decrease of once attained densities. Though not confirmed, this violent vibration was thought to be a resonance phenomenon of the tube, because the shorter tube did not produce any violent vibration around the same frequency. The results obtained under different conditions of tube shape, powder material and particle size distribution show the same tendency in the effect of acceleration and frequency on compaction density, and we can consider that other differently shaped tubes would have the same tendency.
(3) Effect of sweeping of frequency Although the experiments performed so far have made clear that higher accelerations as well as suitable frequencies are required to obtain high compaction density, vibration at a fixed frequency only resulted in about 85% of theoretical density under the best conditions tried, which was still more than 5% lower than the value claimed by another worker. Therefore, as the next experiment, the effect of sweeping frequency was observed.
a. Sweeping frequency range At first, a series of measurements was conducted to see the effect of sweeping frequency range on the compaction density. The following compaction procedure was used, based on the information obtained from the previous experiments.
(i) Powder blend is poured into a tube while it is vibrating at 8 G's and 300 cps. (ii) After the tube is filled, acceleration is increased to 20 G's at the same frequency of 300 cps and vibration is kept for 2 min. (iii) Then, acceleration is increased to 40 G's, and sweeping within a certain frequency range is started with the constraining load on the powder.
(Sweeping speed: 4.4 decade/min) (vi) After 2 min vibration at 40 G's, acceleration is increased up to 60 G' s, and sweeping vibration is kept for a certain time. Observations are summarized in Table 4 together with the effect of different constraining load weight and vibration time. Fig. 4 . illustrates the relationship between frequency range and densities.
From these results, it is apparent that sweeping vibration in some range of frequency resulted in higher densities than fixed frequency vibration.
For example, 5 min vibration at 60 G's with 1.0 kg load, 300 3,000 cps sweeping vibration gave about 2.5% T.D. higher density than fixed 300 cps fre- the heavier constraining load of 4 kg, much break up of particles occurred with repeated sweeps over the critical frequency. With respect to the effect of difference in range of frequency sweep, with 60 G acceleration applied during 10~15 min, there was no noticeable difference in densities obtained between such ranges as 300~1,000 cps and 150~3,000 cps, so long as it included the resonance frequency of around 600 cps.
Thus while, we might choose any of these frequency ranges, a broad sweep frequency range would be better as choice, since it would increase the probability of including as many as possible resonance vibrations particular to a tube, which would be effective for obtaining higher compaction density as discussed above.
Extremely low frequencies should however be avoided, since some powder ejection was experienced when sweeping range was extended to frequencies as low as 150 cps, as shown in Table 4 , and thus there is possibility of causing segregation with the very high amplitude vibration involved in such low frequencies.
A tentative choice is 300~3,000 cps frequency range for sweeping vibration. With reference to vibration time, maximum setting was attained in 10~15 min at 60 G's, and 4 kg of constraining load gave higher densities than 1 kg: the density difference was 0.2~1.0% T.D. depending on frequency range. This assumption led us to believe in the necessity of observing the effect of sweeping speed on compaction, in order to find a suitable sweeping speed.
In this experiment, several scanning speeds were compared, using the stepwise acceleration increase method as the the experiment (a), for two frequency ranges of 300~1,000 and 300~3,000 cps.
The result of conducting two runs each for the different sweeping speeds are shown in Table 6 . The fastest scanning, speed tired of 4.4 decade/min, as well as hand operation resulted in higher densities with little powder ejection and good reproducibility.
Slow scanning speed sometimes caused much ejection of fine powder, and in these slow scanning experiments it was interesting to note that powderlo ss by ejection from a tube occurred when the sweeps crossed the frequency of 650 cps. As discussed above retention of vibration at resonance frequency with slow scanning gives excessively violent vibration to the powder.
However, the fact that 29 J . Nucl. Sci. Tech. the occurrence of powder loss was erraticsometimes not occurring at all, sometimes occurring quite soon, and at other times occurring after a long period of vibrationwould indicate that the packing condition of the powder inside the tube had an effect on powder loss.
The small powder loss at extreme slow scanning speed (0.43 decade/min) would reflect the small number of crossings over the critical frequency.
Also it became evident that though the effect of sweeping frequency range varied with sweeping speed, quick sweeping over a broad frequency range was generally effective for higher compaction density. This experiment on sweeping speed confirmed our assumption on effectiveness of rapid sweep vibration over a broad frequency range.
III . CONCLUSION
The series of experiments with a predetermined particle size distribution and a fuel tube have revealed that acceleration as well as frequency is an effective factor on the vibration compaction of powder blend. In general, rapidly sweeping vibration at high accelerations in a broad frequency range contributed to greater compaction density, since a suitable combination of vibrations of large amplitudes in low frequency, low amplitudes in high frequency and momentary passage over resonance frequencies would be effective for settling of powder blend into suitable particle arrangement. After many experiments, the following stepwise acceleration increase method appeared a good vibratory compaction procedure.
(i) Powder is loaded into a tube while it is vibrating at 8 G's at 300 cps. This vibration is held for 2 min at 20 G's after loading.
(ii) Then acceleration is increased further up to 40 G's and sweeping of frequencies between 300 and 3,000 cps starts, with the rapid speed of 4.4 decade/min, holding a 4 kg constraining load on the powder.
(iii) After 2 min vibration at 40 G's, acceleration is increased to 60 G's and sweeping vibration kept for 10~15 min. However, in spite of such an optimization effort, about 88% T.D. is the maximum density obtained so far using the powder particle size distribution which was claimed by another worker as amenable to compaction to as high as 92% T.D. Our failure in obtaining, this density could be attributable to the following reasons.
(1) The optimum vibration condition attained in these experiments may be still not be the real optimum point, especially regarding powder loading technique (manual loading was used in this experiment).
(2) The tube size such as wall thickness and length may not be suitable for high compaction density since these factors probably have some effect on the vibration behavior of a tube. 
